Background The dual-mobility concept was proposed as an alternative to prevent postoperative dislocation events. However, intraprosthetic dislocation (IPD) is a troublesome and specific complication induced by the loss of the polyethylene retentive rim and escape of the femoral head from the polyethylene liner. The factors associated with IPD are unknown as only isolated cases have been reported and do not provide a clear understanding of the mechanisms of failure.
Introduction
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2% to 15% in revision THA [13, 18] confirmed the success of dual mobility in achieving low rates of dislocation.
The original concept has evolved during the past 30 years; bone anchorage of the acetabular cup was reinforced in 2000 and the alumina surface was replaced in 2006 with a dual layer coating of hydroxyapatite and titanium plasma spray. After initial enhancement of primary fixation and secondary osseointegration of the acetabular cup achieved in 1993, the reported survival rates of 90% to 96% at 12 to 22 years [2, 17, 19, 20] were similar to those reported with noncemented implants [4, 9, 10] . In 1998 the polyethylene (PE) liners were changed by increasing crosslinking to reduce PE wear rate [7] although before that time the wear rates (approximately 70 mm 3 /year [1, 8] ) were comparable to those reported in the literature with metal and conventional PE bearing couples [1] . Finally, in 2001 the design of the acetabular cup was improved by decreasing the anterior overhang and increasing the press fit to achieve better primary fixation and avoid mechanical conflict with the iliopsoas tendon.
Despite improvements, intraprosthetic dislocation (IPD) remains a troublesome dual mobility-specific complication induced by the loss of the PE retentive rim and escape of the femoral head from the PE liner [12, 16] . Although IPD dislocation is rare (series from the literature have reported a 2% to 4% long-term incidence [2, 17, 19, 20] ), it requires surgical treatment. A multicenter series from Massin et al. [14] reported a lower incidence (0.3% at 10 years followup) of IPD than those reported in previous studies [2, 17, 19, 20] . However, the relationship between the decrease of the IPD rate and the different liner modifications remains unclear, partly owing to the lack of data for clinical, radiographic, and material characteristics of each IPD.
Our purposes therefore were to (1) devise a classification of IPD based on clinical and radiographic findings; and (2) determine the factors influencing the timing of appearance of IPD.
Patients and Methods
We prospectively followed all 1960 revisions performed on 1850 patients who had dual-mobility prostheses implanted between January 1985 and December 1998. During that time, all patients were treated with this type of implant for THA. Eighty-one (80 patients) of the 1960 hips subsequently had an IPD (4%); one patient had bilateral IPDs. The mean interval between implantation of the dualmobility prostheses and onset of IPD was 9 ± 4 years (range, 1-18 years). The last reported case occurred in 2011. Thirty-two of the 80 patients with IPDs were females and 48 were males. Their mean age at the time of the implantation of the prostheses was 51 ± 15 years (range, 21-85 years). Their mean BMI was 26 ± 4 kg/m 2 (range, 18-36 kg/m 2 ). Initial etiologies at the time of the implantation included 48 patients with primary osteoarthritis of the hip, seven with posttraumatic arthritis, 18 with aseptic osteonecrosis of the femoral head, six with developmental dysplasia, and one had THA after hip arthrodesis. No patients were lost to followup. The minimum followup of the 1850 patients was 11 years (mean, 14 ± 4 years; range, 11-25 years). No patients were recalled specifically for this study; all data were obtained from medical records and radiographs.
We performed THA only through a posterior approach. The characteristics of the prostheses used during the initial surgery, including size and features of the dual-mobility acetabular cup, prosthetic neck, and stem were noted. From 1985 to 1998 three types of prostheses were used ( Fig. 1): (1) the first featured a stainless steel PF 1 (Serf, Decines, France) femoral stem combined with a stainless steel NOVAE 1 (Serf) dual-mobility cup, from 1985 to 1990; (2) the second featured a titanium PRO 1 (Serf) femoral stem combined with a 316L stainless steel NOVAE 1 dualmobility cup, from 1988 to 1998; and (3) the third featured a titanium PRO 1 femoral stem combined with a titanium NOVAE 1 dual-mobility cup, used in 120 THAs from 1990 to 1992. Both stems differed in femoral neck diameter and material, which was 16 mm and stainless steel, respectively, for the PF 1 femoral stems, and 13 mm and titanium, respectively, for the PRO (Serf) femoral stems ( Fig. 2 ). Among the 81 IPDs, 31 occurred in patients with PF 1 stems and 50 in patients with PRO 1 stems. All dualmobility cups were cementless, press-fit NOVAE-1 1 Serf components with AL2O3 porous alumina surface treatment. All cups were identical except for being either stainless steel or titanium. These tripod cups featured two impacted anchorage studs and one superior fixation screw ( Fig. 3 ). The mobile liner provided dual mobility and was free to articulate between the metal-backed shell and the femoral head. This retentive component ( Fig. 3 ) manufactured from PE was vigorously impacted over the femoral head. Cobalt-chromium femoral heads were either 22.2 mm or 26 mm in diameter. Two types of acetabular cups were used and only differed in the metal-backed material manufactured from stainless steel or titanium.
We performed an intraoperative assessment at revision surgery for IPD and two types of data were systematically evaluated: (1) the possible causes for blockage of the larger articulation and thus accelerated wear of the PE retentive rim. Various causes such as the presence of a periprosthetic fibrosis, a cam effect, or calcifications leading to impingement have been suggested; and (2) possible cup loosening occurring before IPD associated with wear and metallosis debris, which might account for a third-body reaction. Based on intraoperative findings, IPD was classified into three types: (1) Type I was pure IPD secondary to wear of the PE retentive rim and associated with normal functioning of the dual-mobility prosthesis ( Fig. 4) ;
(2) Type II was IPD secondary to blocking of the larger articulation of the dual-mobility prosthesis (Fig. 5 ); and (3) Type III was IPD secondary to loosening ( Table 1) .
All patients were allowed to walk with crutches the day after surgery. No other physiotherapy except walking aids was provided during the hospital stay; patients either were discharged to their home or referred to a nursing home until they achieved independence. They were instructed to avoid high flexion activities combined with adduction of the involved hip for 6 weeks postoperatively, after which they were allowed to walk without crutches and resume their usual activities. Patients could return to employment 3 months after surgery.
Clinical and radiographic assessments were performed at 2 months, 6 months, 1 year, and every 2 years postoperatively. To supplement information from the medical records of the routine followups, one of us (BB) examined the following variables radiographically before revision surgery of the dislocated prostheses: cup inclination determined on AP radiographs as described by McArthur et al. and with intraobserver and interobserver reliabilities greater than 95% [15] ; ectopic calcifications defined Fig. 1 The AP postoperative radiograph shows a PF 1 (Serf) stem combined with a Novae 1 (Serf) dual-mobility cup on the right side. On the left side there is a Pro 1 stem combined with a Novae 1 dualmobility cup. Type I IPD is evident on the left side. Fig. 2 Both stems differed in the femoral neck diameter and material, which was 16 mm and stainless steel, respectively, for the PF 1 (Serf) femoral stems on the left and 13 mm and titanium, respectively, for the PRO 1 (Serf) femoral stems on the right. Fig. 3 The press-fit NOVAE-1 1 Serf components are shown. These tripod cups feature two impacted anchorage studs and one superior fixation screw. (Reproduced with permission from Serf Dedienne Santé Implants Orthopédiques & Dentaires, Décines, France.) according to Brooker et al. [3] ; and an interobserver Kappa of 0.43 as reported by Della Valle et al. [5] . Trochanteric nonunion was assessed radiographically before revision surgery; when migration was greater than 5 mm, the patient was classified as having a nonunion. All explants were collected and analyzed by one of the authors (BB). Parts of the data already were reported [8] .
Quantitative variables were expressed using means, SDs, median, and extreme values. Qualitative variables were expressed by means of percentages. We determined differences of timing between the three types of IPD with Kruskal-Wallis tests and between timing of the two types of stems with a Mann-Whitney U test. Statistical analysis was performed using the StatView 5.0 software (Abacus Concepts, Inc, Berkeley, CA, USA).
Results
Using preoperative radiographic analysis and perioperative findings (presence of arthrofibrosis, cup loosening, and type of liner wear) we established the following classification; IPD Type 1 was characterized by the absence of arthrofibrosis and cup loosening, Type 2 was defined as blockage of the liner owing to an extrinsic phenomena (arthrofibrosis, ectopic ossification), and Type 3 was associated with cup loosening. We observed no intraoperative evidence of reduced mobility of the larger articulation or metallosis in the joint in 26 patients. In these 26 patients, dual-mobility prostheses showed normal function and wear of the PE liner retentive rim appeared circular and homogeneous. Forty-one hips had complete loss or a major decrease in mobility of the larger articulation of the dual-mobility Fig. 5 The perioperative photograph shows a Type II IPD. There is blockage of the large articulation of the dual-mobility system with extensive fibrosis. prosthesis as a result of extrinsic blocking. Obstruction was induced by ectopic calcifications in 15 hips, major fibrosis surrounding the acetabular cup and PE component in 21 hips, and impingement associated with trochanteric nonunion in five hips. In 14 hips, severe metallosis associated with a large number of intraarticular wear particles secondary to aseptic loosening of the acetabular cup could be observed. These intraoperative findings were used to classify IPD according to its etiologic mechanism of occurrence: 26 Type I, 41 Type II, and 14 Type III. The mean time to IPD with PF 1 stems was 9 years (range, 4-17 years) and 8.5 years (range, 1-15 years) with PRO 1 stems. Regarding the mean time to IPD according to the stem design, two subgroups were made: the PF 1 stem subgroup (n = 31 hips) and the PRO 1 stem subgroup (n = 50 hips). We found no difference (p = 0.08) between the two subgroups. If we considered the relationship between the type of IPD and the time of occurrence of the event, we found differences according to the type of IPD: IPD Type 2 occurred earlier than Type 3 (p = 0.06) and IPD Type 3 occurred earlier than Type 1 (p = 0.07).
Discussion
Although using dual-mobility prostheses achieves maximum hip ROM it is associated with a risk of IPD. Many changes have been made to the PE liner, thus resulting in a decrease in the rate of IPD. IPD appears to have different etiologies and clinical presentations. Our purposes in this series were to classify the different types of IPD and to determine the factors influencing the timing of occurrence of IPD.
Although our series is relatively large, the study has some limitations. First, concerning the 1960 THAs, we did not have an exhaustive description of all clinical and radiographic parameters (design features of the acetabular and femoral components, morphologic features of the patients, postoperative implant positioning), which therefore did not allow us to compare the IPD group with the global population. Second, the perioperative findings were identified by different surgeons and would be prone to biases, therefore we focused on a few specific perioperative criteria to decrease these biases.
We identified three main types of IPD. Questions still remain regarding the presence of periprosthetic arthrofibrosis in patients with Type II IPD, including the chronologic order of periprosthetic arthrofibrosis occurrence relative to PE wear, and the individual factors sensitive to wear debris or implant materials that are responsible for fibrosis. The mobility of dual-mobility systems might have highlighted a phenomenon found in any type of arthroplasty but which remains asymptomatic because ankylosis is beneficial in simple mobility components regarding the dislocation risk. Types I and III IPD were more understandable; they corresponded to wear of the PE retentive rim, which appeared normal in Type I and accelerated in Type III IPD. Our classification may explain the lower incidence of IPD (0.3%) reported in one study [13] , which is 10 times lower than the incidence reported in another series [17] .
What were the most substantial concept changes that could account for this low rate of IPD? First, the PE liner design underwent several modifications between 1995 and 2000. We noted the increase in manufacturing tolerances of external and internal diameters, which were intended to reduce blockage of the PE liner under loading conditions. The design of the retentive rim also was modified. The PE liner was improved to provide homogeneous distribution of impaction and extraction forces between the various PE liner diameters available in the range of implants. All these improvements account for the decrease in Type 2 IPD. Second, the UHMWPE molecular density was modified from 4.5 to 7 mg/mol. According to one study [7] , an increase in PE density is responsible for the reduced PE wear as long as such an increase is not associated with an increase in the free radicals, which are produced during the increase in PE reticulation. UHMWPE has been sterilized using a vacuum sterilization process since 2001, which decreases the rate of free radical reaction [7] . This accounts for the decrease in Type 1 IPD. Third, the bioactive treatment surface enhances secondary osseointegration thus reducing the long-term loosening rates [4] . There is a strong relationship between the reduction in implant loosening rate and the reduced incidence of Type III IPDs. We found no difference in time of onset of IPD between PF 1 stems (large neck diameter, 316 L stainless steel) and PROFIL stems (smaller neck diameter manufactured from Ti6A14V). The lack of any difference between the IPD rate of the PF 1 and PROFIL stems might result from the negative effects produced by the large neck diameter of the PF 1 stem (frequent impingement) and those induced by the unpolished titanium surface treatment of the PROFIL stem (poor tribologic choice) that cancelled each other out. The change in the femoral implant (and more precisely the femoral neck) seems to have had an effect. Massin et al. reported [14] that all implanted stems featured a highly polished small-diameter neck, which might explain the low rate of IPD (0.3%). To date, no study has confirmed our hypotheses; however, the changes in liner design, quality of the PE, and femoral stem reduced the time of occurrence of IPD and incidence of IPD from a range of 2% to 3% to 0.3% to 1% [14, 17, 19, 20] .
We found a low incidence of IPD. A thorough study of IPD explants may help identify more precisely the causes of this complication. Further studies are needed to define the process of IPD, because current dual-mobility prostheses are intended to achieve higher survival rates than previous generation prostheses as a result of the increase in life expectancy and improvements in implant anchorage. We advocate the use of dual-mobility prostheses in patients older than 60 years or at particular risk for dislocation. The enhancement of the tribologic properties of this implant, based on a thorough analysis of the mechanisms of failures, could expand the indications of this implant.
